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ABSTRACT 

Telemetered data from the Echo I1 (1964 04A) satellite revealed 
an unexpectedly high spin rate. An analysis was performed to estimate 
the effects of the resulting centrifugal forces. Calculations were made 
for the case of the axis orientation that would give the greatest distor­
tion, namely, spin about the polar axis. It was discovered from these 
calculations that deviation from spherical shape was greatest at the 
beacons. The maximum deviation was estimated at about 3 inches with 
local wrinkling of a fraction of an inch in depth. Wrinkling of other 
areas  of the satellite surface was postulated as a result of a shifting 
spin axis during the initial orbits. 
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POSTLAUNCH STRUCTURAL ANALYSIS OF ECHO II SATELLITE 

by 
Hossein Bahiman 

Goddard @ace Flight Center 

INTRODUCTION 

Prior  to launch of the Echo I1 (196404A) satellite, extensive materials tests were conducted 
on the satellite skin and a theoretical analysis was performed to predict the degree of smoothness 
of the satellite's skin surface as a function of pressure. The analysis was primarily based on a 
nonrotating sphere and took into consideration buckling forces such as solar radiation pressure 
and aerodynamic pressure. The only spin condition that was  considered w a s  a gravity-gradient­
induced rotation rate of no more than one revolution per orbit. The centrifugal effects of such a 
rotation rate were found to be negligible. 

Telemetered data received during inflation of the satellite in orbit revealed that the maxi­
mum internal pressure was about 220 microns of mercury. This corresponds to a skin s t r e s s  of 
approximately 4800 psi. It appears from results of prelaunch tests and the analysis that such a 
skin stress would be sufficient to smooth all the wrinkles and folds and also to eliminate almost 
all of the initial deviations of the shell from a true sphere. However, it has been determined that 
the satellite is spinning with a period of approximately 100 seconds and so may not be a true 
sphere. This study presents an analysis of the effect of the centrifugal forces on the surface con­
dition of the satellite. 

MATERIAL AND CONSTRUCTION OF SATELLITE 

A brief review of the material and construction of the satellite is in order before the analysis 
, 	 is presented. The basic material of the Echo I1 spherical shell is a three-layer laminate com­

posed of a core sheet of 0.35-mil Mylar bonded between two layers of 0.18-mil aluminum foil 
(alloy 1080-0). Reinforced material is made by bonding a 0.50-mil Mylar sheet to one side of the 
basic material. 

The sphere contains 106 lune-shaped gores; those numbered 1, 53, 54, and 106 are made of 
reinforced material, while the remaining gores are of basic material (Figure 1). Adjacent gores 
a r e  joined by a 1-inch-wide thermosetting adhesive-coated tape of the same basic material, cen­
tered on the line of the butted gore edges. At each end the gores converge to a 54-inch-diameter 
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pole cap of reinforced material. (The pole cap material was 
made by bonding a 1-mil Mylar sheet to the basic material.) 

Two beacons, each surrounded by four solar cell panels 
(Figure 2), are mounted midway between the pole cap on re­
inforced gore pairs 53-54 and 1-106. Beneath each beacon­
solar-cell array, the reinforced material is further reinforced 
by several layers of laminate of varying diameters so  that the 
effective diameter of the heavily reinforced a rea  is about 52 
inches. 

T H E O R E T I C A L  A N A L Y S I S  Figure 1-Echo I I beacon locations. 
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It appears from the results of tests on 30-inch spheres of Echo I1 material at Langley Re­
search Center that the buckling pressure after prestressing at 3000 psi is about 15 percent of the 
calculated pressure Pc as given by 

in which r is the radius, D is the bending stiffness, and K is the extensional stiffness. The cal­
culated buckling pressure for Echo I1 is 6 x psi. It could be hypothesized that the ratio of 

Figure 2-Beacon and solar cells mounted on sphere. 
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the calculated to theoretical buckling pressure of Echo I1 is the same as the corresponding ratio 
for a 30-inch-diameter sphere. On this basis a real buckling pressure of 9 x lo-' ps i  will be 
established for Echo 11. This buckling pressure corresponds to Ncr = -0.00036 lb/in. 

If the effects of the beacons and the extra reinforcement at the polar regions a r e  omitted, the 
stresses due to the centrifugal forces acting on the spinning satellite can be calculated as follows: 

in which dF is the element of the centrifugal force, p is mass per unit area, r is the radius, 
is the angular velocity, 4 is the angle between the position vector and the spin axis, and 0 is the 
angle between the meridian through a point and an arbitrary reference meridian. It follows that 

563-~~P 3 2 . 2  x 4n (67 .5) '  
0.000306 , 

N + =  0 ,  

N+e = 0 9 

(3) 

Ne = pw' r' s i n 2 +  , 
2 

== pw'r '  = 0.000306 (67 .5) '  (s)55 x l b / f t  , Ix 

where N ~ ,N,, and N + ~are normal and shear membrane forces per unit width as shown in 
Figure 3. 

The differential equation of displacement is as follows: 

where K = Et11 - p z  and V is meridional displacement. Solution of this equation is given by 

1 
V = s i n 4  [ K U  - P )  

p J r3 cos + + C] 

In order to find the constant of integration C apply the boundary condition, name1y;v = 0 at 
4 = ~ 1 2 .Hence, C = 0 ,and as a result 

v =  0.000306 (0.0628)' ( 6 7 . 5 ) 3  s i n  4 cos 4 = 0.000661 s i n  4 cos 4 f t800 x 0 . 7  
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and 

- 55 x 10'~ sinZ+ 
- 800 (0.91) 

= 0.00000755sin2+ (7) 

where is the strain in the direction normal 
to the spin axis. 

The radial displacement W is given by 

= (-0.000510 sin2 + +0.000661 cos2+), (8) 

SPIN AXIS Wlpole = 0.00066 ft, inward, 

Figure 3-Forces on element of satellite shell. and (9) 

e q u a t o r  = 0.00051 ft', outward. 

The above displacements are quite small. Surface irregularit ies caused by spinning can be 
calculated in a simple way. To get the maximum radial displacement, let it be assumed that the 
spin axis passes through the pole caps and is thus normal to the beacon axis. As mentioned before, 
a number of concentric patches, with different average diameters, reinforce those regions of the 
satellite which a re  directly under or in the vicinity of the beacons. The extensional stiffness of 
the 52-inch-diameter patch under each beacon is about 23 t imes greater than that of the basic 
material of the satellite. It is assumed, here, that this region does not buckle under the existing 
spin. 

The centrifugal force -R acting on the beacon may be calculated as follows: 

where 7.5/32.2 is the total of the mass of the beacon and the equivalent mass of the reinforce­
ment patch concentrated at the center of the beacon. Neglecting the centrifugal body force on the 
membrane causes the radial body force Z to become zero. Hence 
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and 

-0.0000122
N,I = -N+# = 

s i n 2  6' 

Consideration of the above stress Not in conjunction with N+ and N, given by Equations 3 leads to 

-0.0000122N+ + Nor = = -0.00036 
sin2 6' 

which gives +' = 10.6" in the equatorial plane. The total normal force per unit length in the 
meridional plane is given by 

0.0055
N o t +  No = 

-0.0000122 
+ 7cos2+' = -0.00036

s i n 2  +' 

For an approximate solution, the substitution of cosz +' = 0.97 in Equation 13 results in 

-0.0000122 
= -0.00080

sin' 6' 

which gives 4' = 7.1".  The two angles 10.6" and 7.1" a re  half the subtending angle of the conoidal 
surface of buckling in the equatorial and meridional plane, respectively. Hence, the buckled 
conoidal area has a roughly elliptical base with a major diameter of 25 feet in the plane of the 
assumed spin equator and a minor diameter of 17 feet parallel to the assumed spin axis. If it be 
assumed that the reinforced area does not buckle under this centrifugal force, the following is 
true (Figure 4): 

BE = Bc - EC = OC - 810 - 26 tan &' 

810 
- - 810 - 26 x 0.124 = 3 i n .  (15) 

Hence, the maximum deviation of the beacons from the sphere is approximately 3 inches. If 
the axis of spin forms a relatively large angle with the polar axis of the balloon, the centrifugal 
force due to the extra reinforcement mass  at the polar caps (about 2 pounds) will cause local 
buckling of somewhat smaller extension and maximum deviation. This maximum deviation is by 
no means the depth of any wrinkle of the buckled area. Such a distance is estimated to be of the 
order of a fraction of an inch. 
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So f a r  it was assumed that the satellite 
skin is fully rigidized and also that the spin 
axis passes through the polar caps. By as­
suming that both the beacons and the pole 
caps are on the spin equator, two other re­
gions of roughness (at the pole caps), whose 
extensions a re  much smaller than the ones 
at the beacons, could be determined. There 
is no reason to believe that the spin axis was 
fixed with respect to the satellite during the 
spin-up process. Therefore, it is quite fea­
sible that the roughness caused by the cen­
trifugalforces extends over the entire satel­
lite surface. 

CONCLUSIONS 

It is c o n c l u  d e d from the theoretical 
analysis that the spin of the Echo I1 satellite 
could have four distorted areas, one major 
distortion at each beacon, and one minor 

\

\ 

Figure 4-Schematic configuration of spinning satellite. 

distortion at each pole cap. In addition, the centrifugal forces acting on the satellite may have 
resulted in minor wrinkling of other areas of the satellite surface. 

It may be noted that the analysis of the radar data is in agreement with the results obtained 
in this analysis. 

(Manuscript received July 30, 1965) 
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Appendix A 

List of  Symbols 

constant of integration 


bending stiffness 


modulus of elasticity 


centrifugal force 


extensional stiffness 


adjusted mass of beacon 


force per unit length of membrane 


normal and shear membrane forces per unit width; see Figure 3 


calculated buckling pressure 


centrifugal force acting on beacon 


radius of sphere 


thickness of shell 


meridional displacement 


radial displacement 


radial body force 


strain 


angle between meridian through a point and arbitrary reference meridian 


Poisson's ratio 


mass per unit area 


angle between position vector and spin axis 


angular velocity 
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